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A histochemical study of the digestive enzymes of
Brachycentrus occidentalis Banks showed that the insect
contains the enzymes necessary to utilize the major
foods, viz., carbohydrates, lipids and proteins.

There

appears to be a correlation between the types of digestive enzymes found and the type of food eaten by the
larvae.
Values of pH for extracts from the different parts
of the digestive system were•

foregut, 7.6-8.4, midgut,

7.6-8.4, and hindgut, 7,0-7.6.

Living micro-organisms

in the gut lumen was also shown.
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INTRODUCTION
A knowledge of the digestive enzymes in insects
helps in understanding how insects are adapted to particular types of food and what digestive processes and mechanisms are involved.

During the past few decades, numerous

studies of the physiology of digestion in various orthopteroid, lepidopterous, and dipterous insects have been made.
Consequently, a very comprehensive literature on the occurrence, localization, and characteristics of various enzymes
in these insects has been assembled (Waterhouse, 19571
House, in Rockstein, 1965).

In contrast, there have been

no investigations of the digestive enzymes and processes
in the alimentary tract of triehopteran insects.
Although there are a number of papers presenting
histological information on the gut epithelium of caddis
fly larvae (Betten, 1902; Vorhies, 19041 Branch, 1922s
Glasgow, 1936, Judd, 1947; Ahmed, 1949; Satija, 1960
and Korboot, 1964), surprisingly little is known about
the function of the cells within the various major regions
of the gut.

The aim of this work was to investigate by

cyto- and histochemical methods the occurrence and localization of various digestive enzymes and important food
storage compounds in the trichopteran larvae Brachycentrus

occidentalis Banks.

An attempt was made to correlate the
l

2

occurrence and location of compounds important for the
processes of food digestion, assimilation, and storage to
the area of the alimentary canal in which they occur and
to the diet of the larvae in question.
The Brachycentrus larvae are wormlike and they live
in streams and rivers within chimney shaped protective
cases composed of plant material.

They are found facing

the current, attached to the substrate (rocks or submerged
vegetation) by their case.

Mecom and Cummins (1964) re-

ported that B. americanus obtains its food by a ''grazing"
and "fishing" type of behavior.

It is safe to assume that

B. occidentalis probably obtains its food in a similar
manner.
These larvae are of particular interest because of
the wide distribution of the species throughout the western
portion of North America (Smith, 1971) and because this
genus serves as an important food source for numerous fish
species in trout streams (Ide, 1942).

Ross, in addition,

states that trichopteran larvae in general are useful as
stream pollution indicators (1962).
Various investigations have ·been made concerning
the food of caddis larvae and attempts have been made to
correlate this with structural features of the mouth parts
(Ulmer, 1902; Siltala, 1907; Wesenburg-Lund, 1913; and
Slack, 1936).

There have also been a few reports relating

the complexity of the alimentary canal with food (Noyes,
1915; Judd, 1947; and Gibbs, 1967).

Satija (1960) has
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conducted a detailed account of the histology of the gut of
representatives from five different families of larval
trichoptera correlating their structure with the food and
feeding habits of the larvae.

She demonstrated that there

is a relationship between the degree of complexity of the
alimentary canal and the size of the food particles taken.
Although there is little information available on

B. occidentalis. Mecom and Cummins
(1964) reported that the species B, americanus is phyto-

the food habits of

phagus.

They stated that it is primarily a diatom feeder

which utilizes other algal groups, vascular plants, and
animal fragments.
Since relatively little is known regarding the
physiological function of the digestive tracts of trichopteran insects, it was felt that such a study of a
representative from this order would be an addition to
the above mentioned works.

METHODS AND MATERIALS
A.

MORPHOLOGY AND HISTOLOGY OF THE ALIMENTARY CANAL OF

B, OCCIDENTALIS

Caddis fly larvae Bracbycentrus occidentalis were
collected in the Yakima River near Ellensburg, Washington.
Whole larva were removed from their protective cases and
fixed immediately in bouins solution for 24 hours, embedded
in paraffin, and sectioned at 8 to 10 microns.

Sections

were mounted on slides and stained with Erlichs Hematoxylin and counter stained in eosin.

Macroscopic obser-

vations were made under the dissecting microscope on
specimens which were preserved in 10% neutral buffered
formalin.
B.

PH DETERMINATION OF THE ALIMENTARY CANAL
Larvae, starved for 24 hours, were dissected to

supply the three major regions of the gut, e.g., fore-,
mid- and hindguts.

The parts were appropriately bulked

and macerated using a mortar and pestle.

The resultant

homogenate was drawn into a capillary tube and mixed on a
microslide with one of six pH indicators (see results B.).
The pH values of the homogenates from the three
parts of the alimentary canal were obtained by a process
of bracketing with these indicators which covered the pH
range 5,2-9.4 (Kahn and Kasting, 1969).
4
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C.

DETECTION OF THE PRESENCE OF SYVu3IOTIC MICRO-ORGANISMS
The presence of symbiotic micro-organisms within

the tissue section or the cells of the alimentary canal was
tested using larvae fixed in 10% neutral buffered formalin
and Zenker's acetic fluid and subsequently embedded in
paraffin.
stained.

For each staining procedure, 10 larvae were
Gram positive and negative bacterial stains were

used simultaneously according to the method of Brown and
Breen (1931; Thompson, 1965).

An acid fast bacteria stain

was used according to Ziehl-Neelsen's acid fast technique
(Thompson, 1965) while rickettsia were stained in tissue
sections using Macchiavello's stain (Thompson, 1965).

The

presence of fungi was tested using the Gridley Fungus
stain (Thompson, 1965).
Living extracellular intestinal micro-organisms
were detected by making an incision in the alimentary
canal of freshly collected larvae feeding upon normal river
flora and then making wet mounts of the food and materials
contained within each of the three major canal regions.
The slides were subsequently analyzed by phase microscopy
for the presence of motile bacteria and other micro-organisms.

To confirm the fact that many of the micro-organisms

seen under the phase microscope were living, a loop of intestinal contents was streaked on yeast extract agar and
cultured aerobically at 37°c for 24 hours.

A gram stain

was then conducted on a number of isolated colonies.

6

D.

DETERMINATION OF THE CHEMICAL CHARACTER OF THE EPITHELIUM OF THE ALIMENTARY CANAL AND ADJOINING FAT BODIES.
On all subsequent procedures, experiments were con-

ducted on larvae feeding on their normal river diet and on
larvae fasted for two days and then fed again.

Only

saggital sections of the larvae were made so as to be able
to determine the distribution of the various components
more adequately.
Histochemical demonstration of proteins•
All dry reagents were purchased from Sigma Chemical
Corp. as analytical grade products.

In each method for

proteins described, duplicate blocks of tissues were fixed
in two or more fixatives (10% neutral buffered formalin,
Carnoys fluid, and Zenker's acetic fluid) as recommended
by Thompson (1965).

Tissue sections from these blocks

were then stained by identical methods and the results compared to determine the influence of the fixative upon the
reactive protein groups being studied.

Where possible

reactive protein groups were demonstrated by at least two
of the following methods.
1.

The amino acids histidine, tryptophan, and tyrosine

and thereby proteins in general were demonstrated by the
tetrazotized benzidine coupled with beta-naphthol reaction
(Thompson, 1965r Pearse, 19681 Lillie, 1957).
2.

Free alpha amine groups, sulfhydryl groups and tyrosine

were demonstrated using dinitrofluorobenzene (DNFB) coupled
with beta-naphthol (Thompson, 19651 Pearse, 1968).

7
J.

Demonstration of sulfhydryl groups was done using DNFB

coupled with beta-naphthol (Thompson, 1965, Pearse, 1968).

4.

The mercury orange-sulfhydryl stain was also used to

demonstrate -SH groups (Bennett and Watt, 1958).

5.

The disulfide linkages of protein were demonstrated

using DNFB coupled with beta-naphthol after prior blockage
of histidine, -SH groups, -NH2 groups, and tyrosine with
benzoylchloride (Thompson, 1965, Pearse, 1968).

6.

The amino acid tyrosine was specifically localized by

using DNFB coupled with beta-naphthol and diazotization
coupled withs-acid (supplied by Eastman Organic Chemicals)
(Thompson, 19651 Pearse, 1968).
Histochemical methods for lipids,
The total lipid content of cells was demonstrated
in tissue sections using sudan IV and sudan black Bin
ethylene glycol (Thompson, 1965) and the oil red O method
(Pearse, 1968).

The results were controlled using Baker's

pyridine extraction test (Pearse, 1968) and a simultaneous
use of the two different tests.

The effect of one week of

starvation on the depletion of lipids was also tested.
Histochemical demonstration of carbohydrates (glycogen),
The localization of carbohydrates (simple polysaccharides) was accomplished by staining tissue sections
according to the periodic acid-Schiff (PAS) method (Thompson, 1965; Pearse, 19681 Chayden, Butcher, Bitensky and
Poulter, 1969).

To prove that the positive reaction was

due to carbohydrate and not ethylene linkages of unsatur-
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ated fatty acids, a control section was benzoylated (Chayden, et al., 1969).

In addition, to make sure which posi-

tive results were from aldehydes or ketones, the tissue
was stained without prior treatment with periodic acid.
Demonstration of those portions of PAS positive carbohydrates which were glycogen was accomplished using Best's
Carmine stain (Thompson, 1965).

The effect of one week

of starvation upon the disappearance of glycogen in the
gut epithelium was tested as above for lipids.
E,

HISTOCHEMICAL LOCALIZATION OF VARIOUS HYDROLYTIC
ENZYMES IN THE EPITHELIUM OF THE ALINiENTARY CANAL OF
THE CADDIS LARVAE BRACHYCENTRUS
The larvae were fixed (10% neutral buffered forma-

lin, or absolute acetone) at
enzyme methods.

4°c

as required by the special

Suitable sections were made by paraffin

technique or on a freezing microtome where required as
above.

The specific fixative and method of sectioning

used will be designated in the caption describing each
photograph.
The use of negative controls was strictly adhered
to in the staining of each enzyme.

Table I contains a

list of the controls used for each technique,
The enzyme substrates, activators, inhibitors and
coupling stains shown in Table I were obtained as analytical grade products from the following suppliers•

alpha-

naphthyl acetate, naphthol AS-LC acetate, L-leucyl-Bnaphthylamide, di-isopropyl fluoro phosphonate, and
cysteine--Nutritional Biochemical Corp,; Tween 20, Tween 80,
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TABLE I
Controls Used in the Histochemical Demonstration
of the Hydrolytic Enzymes
ENZYME

NEGATIVE CONTROL EMPLOYED

Esterase

Elimination of substrate from the
substrate solution (alpha-naphthyl
acetate, naphthol AC-LC acetate)

Lipase

Elimination of specific substrate from
the substrate solution (Tween 20,
Tween 80)

Beta-galactosidase

Elimination of 6-Bromo-2-naphthylbeta-D-galatopyranoside from the
substrate solution and exposure of
tissue to 100°c water prior to incubation.

Beta-glucosidase

Elimination of 6-Bromo-2-naphthylbeta-D-glucopyranoside and exposure
to 100°c water as above.

Alpha-glucosidase

Elimination of 6-Bromo-2-naphthylalpha-D-glucopyranoside from the
substrate solution.

Protease

Exposure of tissue sections for 60
minutes to the inhibitors di-isopropylfluoro phosphonate and HgC1 2

Leucine amino
peptidase

Elimination of L-leucyl-Beta-naphthylamide from the substrate solution
and exposure of the tissue to 100%
ethanol prior to staining.

Cathepsin C

Intensity of the indigo stain when
using the inhibitor beta-phenyl
propionic acid and the activator
cysteine is compared to a control
section. Those areas where the
intensity of the stain decreases
with the inhibitor and increases with
the activator are taken as positive
sites of this enzyme.
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B-phenylproprionic acid--J. T. Baker Chemical Co.; the
galactosidase and glucosidase substrates, Bromoindoxylacetate, Fast Blue B, Fast Garnet GBC, and Nuclear Fast
Red--Sigma Chemical Corp.

E6oo (diethyl-p-nitrophenyl

phosphate) used as a B type esterase inhibitor in the stain
for cathepsin C was obtained from Sigma Chemicals.
Methods for enzymes hydrolyzing esters•
The localization of non-specific esterases in
tissue sections was demonstrated by two methods, the alphanaphthyl acetate method and the naphthyl AS-LC acetate
method (Thompson, 1965s Pearse, 1960; Chayden, Butcher,
Bitensky and Poulter, 1969; Burstone, 1962).

Tissue sec-

tions for the above two stains were taken from one larvae
and divided into two parts with one part stained by the
former method and the second part stained by the latter
method.

The distribution of a lipase-like enzyme in sec-

tions was done according to the Tween method (Gomori, 1946;
Thompson, 1965: Pearse, 1960) using Tween 20 and Tween 80
as substrates for the enzyme.

Tissue sections from one

larvae were divided in two parts with the first part incubated in Tween 20 and the second part incubated in Tween 80
substrate solution.
Methods for amylolytic enzymes (carbohydrases)a
The demonstration of the sites of beta-galactosidase
and beta-glucosidase in tissue section were done according
to the post-coupling method (Thompson, 1965).

Alpha-

glucosidase in tissue sections was demonstrated by the di-
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azo-coupling method (Thompson, 1965; Pearse, 1960).

Sag-

gital sections were taken from one larvae and divided into
three separate parts.

One of each of the three parts was

then stained by one of the above methods.
Methods for proteolytic enzymes•
The histochemical demonstration of protease activity in general in tissue sections was done according to the
method of Adams and Turquan (1961) which employed the use
of a gelatin silver film substrate (blackened photographic
plate).

The demonstration of the sites of leucine amino-

peptidase activity in tissue section was done using the
diazo coupling method (Novikoff, 19601 Thompson, 1965).
The intracellular proteinase, cathepsin C, was localized
using Hess and Pearse's bromoindoxyl acetate method (Hess
and Pearse, 19581 Pearse, 1960; Thompson, 1965).

On each

of the above stains, a different larva was employed.
F.

BIOCHEMICAL DETECTION OF AMYLASE IN THE ALIMENTARY
CANAL
The alimentary canal was removed by dissection in

Bodensteins insect ringer solution (Kahn and Ford, 1967)
on larvae actively feeding on their normal river diet.
The adhering tissues were removed and the alimentary
canal divided into its three major constituent parts.
The contents were separated from the tissue components
of the gut and handled as below.

The salivary gland

was also dissected and removed.

Each of the different

portions of tissue was macerated by grinding with sand
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and diluted to a volume of l ml with a 0.1M phosphate
buffer.

A drop of toluene was added to inhibit bacterial

activity (Kahn and Ford, 1967).

After the guts of ten

larvae had been dissected, the different portions were
transferred to a clean glass vial and the volume further
made up to 3 ml with O.lM phosphate buffer.
fore- and midguts was buffered at pH
was buffered at pH 7.3.

a.o

The pH of the

while the hindgut

After standing at room temperature

for one hour the extract was centrifuged at o-4°C at 1500
r.p.m. for 10 minutes and the supernatent used as the
enzyme extract.

Amylase activity was determined qualita-

tively by the method of Kahn and Ford (1967).

Control

experiments were run in a similar manner, the extract being
first boiled for 10 minutes to destroy the enzyme.

Since

a general qualitative method is being employed in detecting
amylase activity, it should be noted that only amylase
activity in general is being tested for.

The presence or

absence of alpha and/or Beta amylase is undeterminable by
the method employed.

RESULTS
A.

MICROSCOPIC MORPHOLOGY AND HISTOLOGY OF THE ALIMENTARY
CANAL OF B. OCCIDENTALIS

1.

Macroscopic structure of the gut•
The alimentary canal of B, occidentalis is in the

form of a tube of epithelium extending from the anterior
to the posterior end of the larva.
three major parts•

It is divided into

foregut--pharynx, crop, and stomodael

valve, midgut--mesenteron, and hindgut--ileum, colon, and
rectum (Fig. 1).

Es

Mc

He

I

1•~
I
cr

I

·

~

""

Fig. !--Diagram showing the usual subdivisions and outgrowths of the alimentary canal. Fg, foregut1 Mg, midgut;
Hg, hindgut; Mth, mouths Phy, pharynx; Cr, crop; Mal, Malpighian tubule; Py, pylorusr Il, ileum; Cln, colon, rsc,
rectal sacs rect, rectum proper; An, anus (partially redrawn from Snodgrass, 1935).
The foregut begins as a small tube, the pharynx,
which extends through the orothorax where it widens into
the crop.

The prominent crop extends to the middle or
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posterior margin of the mesothorax where it joins the midgut, and is separated from it by the stomodael valve.

The

proventriculus is absent.
The midgut commenses where the stomodael valve ends
and continues as an undifferentiated cylinder to about the
middle of the sixth abdominal segment, where its termination is marked by the entrance of the Malpighian tubules.
The location of the Malpighian tubules within the body
cavity is similar to those of Limnophilus indiyisus as
described by Branch (1922).
The hindgut begins at the opening of the Malpighian tubules and extends backwards as a much narrower tube
than the midgut.

It constricts gradually and in the

seventh abdominal segment it is seen as a much narrower
tube containing the ileum and colon.

At the beginning of

the eighth abdominal segment it dilates into the rectal
sac which is then narrowed posteriorly to a straight tube,
the rectum proper, which continues to the anus.
2.

Histology of the alimentary canal•

FOREGUT
The epithelium of the foregut consists of a protoplasmic layer whose outer surface is raised into blister
like eminences wherever a nucleus occurs (Fig. 2 and 3).
The cells are not separated from each other by walls.
nuclei are small.

The

The epithelium is lined by a cuticular

intima, while on its external side lie bundles of longitudinal muscle surrounded by circular muscles.

Together the
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epithelium and the intima are thrown into longitudinal and
transverse folds whose depth and number differ in the
various regions of the foregut.

These folds allow for the

expansion of the gut when food is taken in (Snodgrass, 1935).
Pharynx (Fig. 2)--The epithelium is very thin and
flat with small nuclei.

The intima and epithelium are

thrown into six prominent longitudinal folds.

The longi-

tudinal muscles are not easy to observe and the circular
muscles are thick.

Fig. 2--A cross section of the pharynx region. Ep, epitheliumr In, intimar Cm, circular muscler Nu, nucleir Lu,
lumen. X4oo.
Crop (Fig.

J)-- The epithelial layer is thinner

than that of the pharynx.
seen.

Cell membranes are not clearly

The cytoplasm stains lightly and the nuclei are

small and oval.

Lining this unicellular epithelium is a
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chitinous intima.

The circular musculature is the same as

in the pharynx while the arrangement of longitudinal
muscles is not clear.

Fig. 3--A cross section of a region of the crop. Ep,
epithelium; Nu , nuclei; In, intima1 Cm, circular muscle:
Lu, lumen. XlOOO.
Stomodael valve (Fig. 4)--The crop at its posterior
end, where it joins the midgut, is invaginated in such a
way as to produce a double layered fold projecting into
the lumen of the midgut.

This is the stomodael valve.

The two layers of the fold are adenate for the most part
with only an occasional blood space.

The inner or adaxial

side of the valve has a thicker intirna with fine, dot-like
spicules arranged on it, whereas the intima on the abaxial
side becomes thin and smooth lacking spicules.

The con-

stituent epithelial cells of the valve are more cuboidal in
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shape as compared with the squamated cells of the rest of
the crop.

In the region of the infolding the circular

muscles become thicker and are uniformly arranged in a
complete circle around the longitudinal folds.

Fig. 4--A sagittal section through the stomodael valve at
the junction of the foregut and midgut. StV, stomodael
valve; S, spicules; Ep, epithelium; Cm, circular muscles;
Lu, lumen. X400.
MIDGUT
Beginning with the outside the walls of the midgut
(Fig. 5) are composed of an outermost layer of longitudinal
muscles arranged in separate bundles, a layer of well developed circular muscles, the basement membrane, and a
layer of epithelium forming the lining of the midgut lumen.
There is no longitudinal folding of the epithelium as
Branch (1922) described for Limnophilus and Hydropsychodes.
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Mesially the epithelium possesses minute striations which
run parallel to the longitudinal axis of the epithelial
cells,

A peritrophic membrane is present,

Fig. 5--A cross section through the mid-section of the
mesenteron. Dep, digestive cells; Rep, regenerative cells;
Sb , striated border; Lm, longitudinal muscle; Cm, circular
muscle; Bm, basement membrane; Pt, peritrophic membrane.

x4oo.

There are two kinds of epithelial cells, the digestive
cells and the regenerative cells,

The digestive cells are

columnar whereas the regenerative cells are represented by
cells with smaller nuclei, lying collected at the bases
of the digestive cells.
Malpighian tubules--The malpighian tubules open
exactly at the junction of the mid and hindguts as seen in
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longitudinal sections (Fig. 6).

As such then, openings

are limited by the midgut epithelium on their anterior
side and by hindgut epithelium on their posterior side,
The walls of the tubules are composed of a single layer of
cells without cell membranes and with big nuclei.

There

is no intima lining their lumen.

Fig. 6--A saggital section at the junction of the mid- and
hindgut showing the entrance of a Malpighian tubule. Mt,
Malpighian tubuler .Mg, midgut1 Hg, hindgut1 Lut, lumen of
the tubule; LuA, lumen of the gut; Pv, pylorus; 11, ileum,

X4oo.

HINDGUT
There are two types of cells comprising the walls
of the hindgut, small cells with distinct cell membranes
and oval nuclei, and larger syncytial cells with a few
large nuclei.

The musculature is irregular.

The intima

covering the epithelial wall along the length of the hindgut towards the lumen is not very broad, but appears to be
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very much chitinized.
Ileum--Just after the entrance of the Malpighian
tubules the anterior walls of the ileum are thrown into a
small transverse fold which forms the pyloric valve (Fig .
6 and 7).

The epithelium (Fig. 8) consists of a layer of

cuboidal cells with small nuclei and indistinct cell membranes.

Fig. 7--A saggital section showing the junction of the
mid- and hindguts with the accompanying change in epithelial cell structure. Pv, pylorus: Mg, midgut; Il,
ileum; Cm, circular muscle; Lu, lumen. X250.
Colon (Fig. 9)--The walls of the colon are folded
longitudinally into six lobes which protrude into the
lumen of the canal forming the rectal valve.

The epi-

thelium composing the lobes is cuboidal with large spherical granulated nuclei.
distinct.

The cell membrane here is very
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Fig . 8--A transverse section through the ileum showing its
cellular structure. Ep, epithelium; In, intima: Lu, lumen;
Nu, nuclei. XlOOO.

Fig . 9--A cross section through a lobe of the rectal valve
located in the colon. Ep, epithelium; I n, intima; Nu,
nucleir Lu, lumen. XlOOO.
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Rectum (Fig. 10)--The epithelium of the rectum is
without intercellular membranes and has large but few
nuclei.

There appears to be a striated border on the

inner surface of these cells.

The intirna is present here

also.

Fig. 10--A cross section of the rectal sac showing the
structure of the epithelium. Nu , nuclei; In, intirna;
Lu, Lumen, Sb, striated border. X4oo.
B.

PH DETERMINATION OF THE ALIMENTARY CANAL
The results of the pH experiments are shown on

Table II,
C.

DETECTION OF THE PRESENCE OF SYMBIOTIC MICROORGANISMS

1.

Microorganisms in the tissue of the alimentary tract
are summarized in Table III.
In each of the stains utilized, the particular

types of microorganisms being tested for were not detected
in any of the larvae which were used,

2.3
TABLE II
Values of pH in the Various Regions of the
Alimentary Canal of Brachycentrus occidentalis
.Midgut

Foregut

Indicator

Hindgut

Bromocresol
green

> .5.2

> 5.2

> .5. 2

Methyl Red

> 6.2
> 1.0

> 6.2
> 7.0

> 6.2
> 1.0

Bromothymol
Blue

> 7.6

> 7.6

< 7.6

Phenol Red

< 8.4
< 9.4

< 8.4
< 9.4

< 8.4
< 9.4

Chlorophenol
Red

Thymol Blue
Range of the pH

?.6-8.4

?.6-8.4

7.0-7.6

TABLE III
Results of the Histochemical Stains for
Intracellular Microorganisms
Microorganism detected

Result

Gram positive and negative
bacteria simultaneously

negative

Ziehl Neelson's
stain

Acid fast bacteria

negative

Macchiavello's
stain

Rickettsia

negative

Gridley's stain

Fungus

negative

Stain
Brown
stain

&

Breen's
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2,

Living extracellular intestinal microorganisms
The presence of several motile bacteria living with-

in the midgut of Brachycentrus were detected by phase microscopy (Fig, 11).

Many microorganisms were observed

indicating a diverse intestinal flora,

When the intestinal

contents were cultured on yeast extract agar, many colonies
of bacteria were successfully cultured aerobically,

Both

gram positive and gram negative bacteria were demonstrated
by use of the gram stain on isolated colonies picked at
random.

Fig, 11--Example of one type of bacteria found living in
the midgut of Brachycentrus, The bacteria was found in the
process of division. Phase microscope, XlOOO,
D,

CHEMICAL CHARACTER OF THE EPITHELIUM OF THE ALIMENTARY
CANAL AND ADJOINING FAT BODIES1

1.

Histochemical demonstration of proteins
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In all of the stains for protein constituents,
namely the amino acids histidine, tryptophan, and tyrosine
and the sulfhydryl groups, alpha amino groups, and disulfide
linkages, similar results were obtained.

No demonstrable

effect was noted using the different fixatives on any of
the above techniques.

Protein was found to be uniformly

present in all cells of the alimentary canal epithelium.
No portion of the alimentary canal epithelial cells was
found to contain a significant difference in accumulation
of any of the above protein constituents.

In the midgut,

however, the basement membrane associated with the mesenteron epithelium was found to give an intense reaction to
tyrosine and -SH groups (Fig. 14 and 18).

The distribution

of protein stored as granules in the fat body tissue adjoining the different parts of the gut, on the other hand,
was found to exhibit a significant difference in relative
amount.

The quantity of the protein found stored in these

tissues near the mid portion of the larvae (Fig. 12, 14,
16, and 18) was found to be considerably greater than the
amount stored in the anterior portion of the larvae (Fig.
13, 15, 17 and 19).
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Fig . 12--Protein granules of the fat body tissue located
adjacent to the midgut. Neutral buffered 10% formalin;
paraffin embedded tissue section. The section is stained
with tetrazotized benzidine coupled with B-naphthol to
demonstrate histidine, tyrosine and tryptophan. Mg, midgut;
Fb, fat body; P , protein granule in fat body. X4oo.

Fig. lJ--Protein granules of the fat bodies located adjacent to the foregut. Note• section is from same larva
pictured in Fig. 14. Fb, fat body; Fg, foregut; P, protein
granule. X4oo.
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Fig , 14--Protein granules stored in the fat bodies near the
mid-section of the larva, The section was diazotized with
nitrous acid and coupled to S-acid to demonstrate protein
bound tyrosine, Zenker's acetic fluid fixations paraffin
embedded tissue section, Mg, midgutr Fb, fat body; P, protein. X4oo.

Fig, 15--A section from the same larva as in Fig, 14 but
more anterior thus demonstrating protein stored in the
anterior portion of the insect, Fg, foregut1 Fb, fat body;
P, protein granule, X4oo.
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Fi g . 16--Protein stored in fat bodies adjacent to the midgut, same as Fig. 12 & 14. The section was treated with
benzoyl chloride to block tyrosyl, amino, and sulfhydryl
groups and with hydrocyanic acid to block cystine. The
dinitrofluorobenzene stain coupled with B-naphthol was
employed to demonstrate the presence of disulfide linkages.
Counterstained with hematoxylin. Mg , midgut; Fb, fat body;
P , protein granule. x4oo.

Fig . 17--A section from the same animal as in Fig. 16 but
showing the protein stored in the anterior part of the
larvae. Fg , fore gut; Fb, fat body; P, protein granule.

x4oo.
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Fig. 18--Protein in fat body tissue at the middle section
of the larvae near the mesenteron. Neutral buffered 10%
formalin fixation; paraffin embedded tissue section. The
section is stained with dinitrofluorobenzene coupled with
B-naphthol for the demonstration of tyrosine, free alpha
NH 2 and -SH groups. Mg , midgut s Fb, fat bodya P, protein
granule . X4oo.

Fig. 19--Fat body protein adjoining the foregut of the
larvae. This section is from the same larvae as above.
Mg , foreguts Fb, fat body; P, protein. X4oo.
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2.

Histochemical demonstration of lipids•
Lipids were found to be present in the columnar

cells of the middle portion of the mesenteron.

The lipids

appeared both as large droplike accumulations and as finely
dispersed granules, giving the whole tissue a diffuse
coloration (Fig. 20).

Unlike the cells of the mesenteron

epithelium the basement membrane and muscle tissue adjoined
to it always remain unstained.

No significant variation

in the distribution of lipoidal material was found in the
fat bodies of the larvae.

The fat droplets in the cells

of the midgut were found to disappear following one week
of starvation (Fig. 21).

Fig. 20--Fat droplets in the cytoplasm of the columnar
epithelium of the mesenteron, Buffered neutral 10% formalin fixation; frozen tissue section; Sudan IV in ethylene
glycol. Note nonstainable basement membrane and musculature. Ep, midgut epithelium; Ld, lipid droplet; Bm, basement membrane; Cm, circular muscle. Xl000.
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Fig. 21--Same section of the mesenteron as above only of a
caddis larvae fasted for one week. Sudan IV reaction for
lipids is entirely negative, no cytochemically detectable
lipids. Bm , basement membrane; Ep, midgut epithelium;
Cm, circular muscle; Lm, longitudinal muscle. X4oo.

J.

Histochemical demonstration of carbohydrates•
An unexpected distribution of carbohydrates in the

Brachycentrus alimentary canal was found.

While an unknown

carbohydrate was demonstrated in the anterior and posterior
portions of the midgut (Fig. 22) a ring of cells near the
anterior portion of the crop was particularly rich in glycogen (Fig. 23).

There was also an area in the ileum and

colon of the hindgut which gave an intense stain for glycogen (Fig. 24 and 25).

It was interesting to note that the

carbohydrate material located in the midgut was not glycogen for it gave a positive stain with the periodic acid
schiff reaction but a negative reaction to Best's Carmine
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stain .

The distribution in the cel ls is characteri s tic.

The carbohydrate found in the mesenteron was located bel ow

Fig . 22--Paraffin embedded tissue section of the anterior
portion of the mesenteron. The section was treated by the
periodic acid Schiff (PAS) reaction and counterstained wit h
metanil yellow. Carbohydrate is stained pale to purplish
red (granular material in the photograph) and other tissue
components are yellow in color. Ep, midgut epithelium;
Sb, striated border; Pt, peritrophic membrane; C, carbohydrate. X400.
the striated border and above the nuclei whereas the gl ycogen of the foregut and hindgut was found to be uniformly
distributed throughout the cytoplasm.

Starving for one

week did not appear to deplete the stainable glycogen
within the epithelium of the alimentary canal.

The peri -

t rophic membrane, as previously reported by Day and Powning

(1949 ) , gave a positive reaction for glycogen as in other
insects (Fig . 22).

JJ

Fig. 2J--A section of the anterior ring of cells of the
crop containing glycogen evenly distributed throughout the
cells. The glycogen (G) appears as the black material in
the epithelium of the foregut. Paraffin embedded tissue
section stained with Best's Carmine stain. Fg, foregut;
Lu, lumin. XlOOO.

Fig. 24--A similar section as above except the ileum of the
hindgut i s shown. Again, Best's Carmine stain and paraffin embedding . G, glycogen; Il, ileum1 Lu, lumen. XlOOO.
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Fig. 25--same larvae as the above two photographs except
the epithelium of the colon is illustrated. Paraffin embedding and Best's carmine stain for glycogen was used.
Cl, colon; G, glycogen; Lu, lumen. XlOOO.
The distribution of glycogen within the fat bodies
of the larvae revealed results exactly opposite to the
protein storage granules noted earlier.

The fat bodies

of the anterior and posterior portion of the larvae gave
intense reactions (Fig. 26 and 28) whereas those located
in the mid- portion of the larvae gave weak reactions
(Fig. 27).

Fat bodies stained by the PAS reaction gave

results analagous to those for Best's Carmine stain and
benzoylation indicated the presence of carbohydrates.
The heavy glycogen deposits in the fat body tissue of the
foregut appeared uniformly dispersed throughout the cytoplasm of the fat body cells (Fig. 26).

The glycogen shown

in the mid section of the larvae appeared granular (Fig.
27}.
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Fig. 26--Fat body tissue of the larvae in the anterior portion of the body. Paraffin embedded tissue stained by the
Best's carmine stain for glycogen. The glycogen appears
dark red (dark gray in the photographs). Note the heavy
deposits and uniform appearance as compared to the picture
below. Fg, foregut; G, glycogen; Fb, fat body. X4oo.

Fig. 27--Same tissue section as above except the fat body
is in the mid section of the larvae adjacent to the mesenteron. Note the difference in glycogen deposits as compared to the former and latter microphotographs. Mg, midgut; Fb, fat body. X4oo.
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Fig . 28--Same tissue as the above two photographs except
the fat body shown is adjacent to the hindgut and hence in
the posterior part of the larvae. Hg, hindgut; Fb, fat
body. x250.
E.

LOCALIZATION OF VARIOUS HYDROLYTIC ENZYMES IN THE
ALIMENTARY CANAL

1.

Demonstration of enzymes hydrolyzing esters•
The distribution of these enzymes, detected along

the alimentary canal epithelium, was similar to the occurrence of the lipoidal material already discussed above.
Just as in the case of the lipids the strong activity of
esterases was limited to the central portion of the mesenteron.

The esterases investigated by the alpha-naphthyl

acetate and Naphthol AS-LC acetate were analagous (Fig. 28
and 29).

In the present study, they were found to be lo-

cated at the apical ends of the cells in the brush border.
The third and fourth esterase stains for a lipase-like
enzyme showed it to be dispersed in the cytoplasm of the
epithelial cells (Fig. 30) and in the secretion granules
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Fig. 29--Sites of esterase activity, central portion of
the mesenteron of the Brachycentrus larva. Alpha-naphthyl
acetate coupled with fast blue Bi nuclear fast red counterstain. Acetone fixed and paraffin embedded. Activity is
present in the brush border area of the epithelium of the
midgut. E, non specific esterase activity. X4oo.
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Fig. 30--As Fig. 28. Localization of esterase by a Naphthol
AS-LC acetate method, showing bright red deposits (E) of
azo dye deposited mainly in the lumen side of the epithelium
of the mid section of the mesenteron. Fast Garnet GBC.
Acetone fixed and paraffin embedded as above from the same
larvae. X4oo.
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Fig. 31--Formalin fixed frozen section (10µ) of the central
portion of the Brachycentrus midgut. Tween method for
lipase (Tween 20 substrate) showing the uniform appearance
of this enzyme throughout the entire epithelium, Lipase
activity appears black in the photograph which are deposits
of lead sulfide, X4oo.
being extruded into the lumen (Fig. 31).

These granules

are indicative of a merocrine type of secretion for this
particular type of enzyme.
The control tests performed to make sure that the
occurring hydrolysis of the substrates was indeed the result of enzymatic activity demonstrated that enzyme activity was due to the presence of enzymes and not other tissue
components.
2.

Localization of amylolytic enzymes (carbohydrases)a
The histochemical reaction for B-galactosidase and

B- glucosidase was found to be negative in all sections of
the alimentary canal epithelium.

The activity of alpha-
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Fig. 32--Central portion of mesenteron, formalin fixed
frozen section (10µ). Showing the lipase-like enzyme
of this portion of the midgut. Tween method (substrate
Tween 80). Sites of lipase activity are demonstrated as
black deposits of lead sulfide. Note the merocrine type
secretion granules being extruded from the gut epithelium,
which shows a positive reaction for the enzyme too. Sg,
merocrine secretion granule. Xl000.
glucosidase, however, was detected in the anterior and
posterior portion of the mesenteron with the middle section of the mesenteron eliciting no reaction (Fig. 33 and

34).

Spherical globules of variable size were produced as

a result of enzyme activity and were mainly located in the
apical half of each cell, although a few globules were
present in the basal half of these cells.

A very weak

reaction was detected in the epithelium of the stomodael
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Fig. 33--Formalin fixed frozen section of the anterior portion of the mesenteron. Diazo coupling with fast blue B
for the demonstration of alpha-glucosidase. Activity is
confined to the purple granules (black in the photographs)
mainly in the apical half of the cell, E, enzyme activity;
Bm, basement membrane; Cm, circular muscle. X400.
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Fig. 34--Same tissue section as above except the junction
of the mid- and hindgut is shown. Alpha-glucosidase
activity is demonstrated as deposits of purple to blue azo
dye (dark gray to black in the photographs). Note that the
activity is mainly in the apical ends of the columnar cells
of the midgut. Hg, hindgut, Mg , midgut; E, enzyme activity;
Fb, fat body. x250.
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valve (foregut) and the anterior portion of the ileum in
the hindgut (Fig. 34).

The control reactions performed

by eliminating the substrate from the substrate solution
always gave negative results; this confirmed the enzymatic
character of the reaction.

3.

Histochemical localization of proteolytic enzymesa
The occurrence of protease activity was revealed

as clear areas where the gelatin film had been digested
and the silver granules washed out of the photographic
plate.

An extracellular proteolytic enzyme, active at pH

8.2, was detected in the lumen of the gut at the anterior
portion of the midgut (Fig. 34 and 35).

It was found in

the lumen throughout the first half of the mesenteron,
however, an intracellular proteolytic enzyme was detected
(Fig. 36 and 37),

The pH at which its activity was great-

est was pH 7.5, a pH approximating that of the hindgut.
This latter protease appeared to be in the cytoplasm
mainly on the lumen side of the intestine, in the apical
region of the cell (Fig. 36 and 37).

It was found to be

present in the posterior half of the mesenteron.
The fat body tissue closely associated with the
silk glands of the larvae were also found to contain a
weak proteolytic enzyme, active at pH 8.2 (Fig. 38 and 39).
Detectable enzymatic activity was detected only in those
portions of the fat bodies adjacent to the silk glands.
Control sections using di-isopropylfluoro phosphonate or
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Fig. 35--Proteolytic activity in the extracellular region
of the anterior portion of the midgut. Areas of enzyme
activity appear white where the gelatin has been digested.
Gelatin-silver film method was used on formalin fixed
frozen sectioned material. Mg, midgut cells; StV, stomodael
valve: Lu, lumen; P, protease activity. XlOO.

Fig. 36--Frozen section adjacent to that used for protease
determination above. Comparison of the film with the tissue section shows that the strong protease activity is related to the lumen of the alimentary canal. The midgut
epithelium is nonreactive. Mg , midgut cells; StV, stomodael valve; Lu, lumen. XlOO.

Fig. 37--Localization of protease in tissue sections of the
posterior end of the hindgut. Gelatin-silver film method,
formalin fixation with frozen sections were utilized. Mg,
midgut epithelium; Lu, lumen. x250.

Fig, 38--Frozen section adjacent to that used above for
protease activity. Comparison again shows that a protease
activity is intracellular in the posterior half of the
midgut epithelium. Mg, midgut epithelium; Lu, lumen. X250,
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Fig . 39--Proteolytic activity in the region of the fat body
adjacent to the silk gland of the caddis larvae Brachycen.:t.rll,a.
Various cells within the fat body tissue demonstrate
protease activity . Formalin fixed f ro zen sectioned tissue.
Gelatin silver film method. Fb , fat body ; P, protease
activity. x250.

Fig . 40--Frozen section adjacent to that used for protease
activity above. Comparison demonstrates that fat body
tissue contains a proteolytic enzyme. Fb, fat body. x250.
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the heavy metal salt HgC1 2 resulted in a negative reaction
thus verifying the existence of these enzymes.
Leucine amino peptidase was found localized mainly
near the striated border in the apical region of the cells
of the latter half of the midgut (Fig. 41).

Weak activity

was discoverd in the rest of the cytoplasm also.

Elimina-

tion of the substrate and exposure of tissue sections to
absolute ethanol prior to incubation resulted in negative
reactions and thus served as controls for this exopeptidase
enzyme.

Fig. 41--Sites of leucine amino peptidase activity, posterior mesenteron of the larvae. The sites of activity are
red (black in the microphotograph). Acetone fixed frozen
sectioned tissue. Diazo coupling of L-leucyl-B-naphthylamide to Fast garnet GBC. E, leucine amino peptidase activity. x4oo.
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The endopeptidase, cathepsin C, was found to be
irregularly distributed in the anterior half of the midgut
epithelium (Fig. 41).

It was not found in all cells.

Wherever the activator, cysteine, increased the staining
reaction and the inhibitor, B-phenylpropionic acid, decreased the staining reaction when compared to the control
section, cathepsin C was demonstrated.

This peptidase

appeared in the cytoplasm on the lumen side of the epithelial cells, in the apical region (Fig. 42).

Fig. 42--Anterior section of the mesenteron of the larvae.
E 600 resistant esterase is demonstrated at the apical
portion of the cells which is probably a cathepsin. Formalin fixed frozen section stained by the bromoindoxyl acetate method. Sites of enzyme activity are shown by a deep
blue indigo color (black in the picture). E, cathepsin C
associated enzyme activity. Xl000.

F.

BIOCHEMICAL LOCALIZATION OF THE CARBOHYDRASE ENZYME
AMYLASE
The enzymatic activity test results are reported

in Table IV.

The substrate used in the test was also in-

cluded for convenience.

In the tissue of the fore- and

midgut, amylase was detected while that of the hindgut
indicated an absense of activity.

The contents of the

alimentary canal revealed a strong activity in the foreand midguts while the hindgut again gave negative results.
The salivary gland indicated a strong activity.

TABLE IV
Distribution of Amylase in the Digestive System of the Larvae
Brachycentrus occidentalis. (++. strong activity;
+, detectable; W, weak activity1 0, not detectable)
Enzyme

Amylase

Substrate

water
soluble
starch

Foregut

Hindgut

Midgut

Salivary gland
tissue

tissue

contents

tissue

contents

tissue

contents

++

w

++

+

++

0

0

V'\
0

SECTION G.
OVERALL SUMMARY OF THE HISTOCHEMICAL RESULTS
WHICH WERE DEMONSTRATED
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DISCUSSION
In general, my results for enzyme activity and
location in the alimentary canal of

Brachycentrus indicate

that this insect is well adapted to utilize all the essential constituents of food, viz., carbohydrates, proteins
and fats.
As mentioned in the introduction, the natural
food(s) of

Brachycentrus americanus consists of diatoms

and algae in addition to smaller amounts of vascular plant
and animal fragments.

Chemically, these foods consist

mainly of fats and oils stored in diatoms, starches stored
in the algae and vascular plants, and proteins from all of
the above mentioned food particles (Lewin, 1962).

Where

appropriate below, it will be assumed that the food habits
of

B, occidentalis

are similar to

B. americanus.

The pH in different regions of the alimentary canal
of

Brachycentrus has been found to be in conformity with

the findings of other workers on trichopterans (Shinoda,

1930r Wigglesworth, 1953).

The pH of the foregut was found

to be close to that of the midgut in being alkaline while
that of the hindgHt is considerably lower, near neutrality.
Srivastava (1960) believes the products excreted by the
Malpighian tubules which contain uric acid in large quantities serve to reduce the pH in the hindgut.
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Proof of this

for trichopteran larvae must be demonstrated however.
Examination of the food material from the intestinal contents shows that there are living bacteria within
the alimentary canal of the larvae.
some form of symbiosis is present.

It is probable that
The nature of this

symbiotic association could be one of several types.

An-

alysis of the type of symbiosis would require additional
physiological methods such as the effect of eliminating
the symbiotes to the host and characteristics of the isolated symbiotes in question.

Microorganisms appear to form

a definite intestinal flora, some of which could be important in the breakdown of some food constituents or in
supplying nutrients.
The results of the histochemical tests employed
seem, on the other hand, to indicate an absence of intracellular symbiotes in the gut epithelium,

Tests of this

type have been criticized in the past, however (Richards,

1958).

He argues that so little detail can be seen in

some of these minute bodies that light microscopic analysis
shows them as more likely being granules belonging to the
insects cells.

Other authors (Brooks, 19541 Davis, 1956;

Baines, 1956) claim that histochemical tests serve as adequate indicato~s of intracellular symbiotes,

In question-

able cases, deHaller (1955) recommends verification by
electron microscopy.

I observed no cases in which a posi-

tive reaction was even suspected,

It should be noted,

however, that the presence of some symbiotes could be
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masked or they could be present in an unrecognizable form,
I choose, at this point, to state that analysis of sections
resulted only in a failure to detect the intracellular
symbiotes.
The histochemical distribution of the food storage
products (proteins, lipids, and carbohydrates) revealed
rather surprising results.

Protein, stored in fat bodies,

was shown to be situated mainly in the mid-portion of the
larvae, whereas glycogen was demonstrated to be present in
the anterior and posterior fat body tissue.

The functional

significance of this particular distribution is unknown,
However, several facts could account for the distribution
which is seen.

The presence of an open percolation type

of circulatory system (Branch, 1922) could account for the
reason why one finds a definite distribution of proteins
and carbohydrates.

They could be located near the sites

of their future utilization in order to conserve energy for
the organism.

For example, since the silk synthesizing

section of the caddis flies silk glands are located in the
mid-portion of the larvae and since the major component of
the silk is a proteinaceous material, (Beams and Sikhon,
1966; Smith, 1968) it is probable that large protein stores
closely adjacent to the glands would facilitate the synthesis of silk.

In addition, it is in the abdominal sec-

tion of insects where the future eggs of female adults
develop,

In the process of development, these eggs have

been shown to absorb considerable amounts of protein and
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store it (Roth and Porter, 1964; Snodgrass, 1935).

Addi-

tional supporting evidence is the presence of a fat body
protease which was demonstrated in the area of the silk
glands.

The above reasons could conceivably account for

the higher concentration of protein in the mid-section of
the larvae.

This hypothesis should be tested by tracing

radioactive amino acids from their site of absorption in
the gut to their eventual deposition within the larvae and
adult to see if any correlation does exist.
The location of glycogen could be explained in a
similar manner if one considers that the anterior portion
of insects is the site of the organs of locomotion while
the posterior section of insects is the site of waste excretion and osmoregulation (Wigglesworth, 1953; Roeder,

1953).

Since all of these processes are energy-requiring,

then it is possible that glycogen is stored at sites near
where an energy source is required.
Heavy glycogen deposits were unexpectedly discovered
in a ring of cells in the anterior portion of the crop and
in the ileum and colon of the hindgut.

Starving for one

week did not appear to deplete the stainable glycogen of
these areas.

The functional significance of this is unknown

at the present time.

In view of the fact that carbohydrates

in the form of glucose have been shown to be absorbed in the
crop of several insects (Treherne, 1962), it is possible
that this glycogen of the foregut could be the carbohydrates absorbed from the lumen of the gut.

This could eas-
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ily be tested by radioactively tagging various carbohydrates and observing their absorption and storage sites
by radioautography.

Nevertheless, if this were true, I

would have expected to find glycogen deposited in all the
cells of the crop.

Also, their depletion should have been

seen when the larvae were starved.

Since this was not the

case, the role of this glycogen acting in the intermediary
metabolism of these cells cannot be neglected either.
The cells of the hindgut appear to present a more
clear cut case, if one assumes that these cells are functioning in osmoregulation as has been postulated for various insects (Diamond, 19651 Berridge and Gupta, 1967 and
1968).
lowing•

These authors based their conclusions on the folUsing the electron microscope they found that the

fine structure of the cells of this region indicated that
active transport was carried on here.

They also demon-

strated that ATPase was present in particles attached to
the membranes of these same cells and that they contained
considerable stores of glycogen.

It would appear that the

glycogen demonstrated in the hindgut of Brachycentrus is
present as an energy source to help carry out the process
of active transport.
Another interesting and unexplained phenomenon
which was observed was the presence of carbohydrate in the
cells of the midgut.

Through the use of controls it was

shown that this material was not glycogen.

It is probable

that this carbohydrate material is the disaccharide
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trehalose which is acting as a substrate for alpha-glucosidase which was also demonstrated in the same sites as
this particular carbohydrate.
The distribution of lipids in the gut epithelium
was also found to be site specific near the mid-section of
the mesenteron.

As was shown, all of these bodies disap-

peared from the epithelial cells during the fasting period
of the animal.

Probably, therefore, they are all products

of assimilated lipids produced by their digestion.

Addi-

tional proof of this can be seen in the demonstration of
esterases and lipase like enzymes in this identical section
of the mesenteron.

Lipid absorption in this area of the

gut has been shown for several insects (Treherne, 1962).
Confirmation of this should be tested by following the
absorption of radioactive lipids by radioautography.
The present investigations indicate that the morphological differentiation of Brachycentrus. which corresponds to different physiological functions performed by
separate parts, is also met by very clear histochemical
differentiation.

As has been shown in this paper, a number

of compounds, which are important in digestion and assimilation processes, appear in the midgut, i.e., in the mesenteron and consequently, this section of the intestine is
especially important.
In the histochemical experiments, it was shown that
all these substrates commonly used for detection of esterases in vertebrates were hydrolyzed in the Brachycentrus
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alimentary tract.

The localization of the esterases de-

tected in the mucosa (in the entire cell area outside the
nucleus) was identical with the localization described in
the literature dealing with cytochemical investigations
conducted on invertebrates (Ferrer and Ducato, 1959• Wigglesworth, 1958) and vertebrate animals (Verne, 1957•
Dominas, 1960).

Demonstration of lipids and esterases in

the same area of the mesenteron suggests that the columnar
cells of this area are not only concerned with digestion
and absorption, but also with secretory functions.

It is

also interesting to note that the main storage product of
diatoms, an assumed major food of

B, gccidentalis,

posed of fats and oils (Lewin, 1962).

is com-

This would appear

to demonstrate the postulation of Wigglesworth (1953) that
a correlation exists between occurrence of a digestive
enzyme and the food on which.the species feeds.
The occurrence of the Carbohydrase enzymes also
seem to show a correlation to the food upon which

Brachy-

centrus feeds because starches are a lmown storage product
of algae (Lewin, 1962).

The amylase activity shown in the

foregut, mesenteron, and salivary glands is capable of degrading starch which, in turn, would provide a source for
metabolizable energy or carbon for biosynthesis.

The alpha-

glucosidase activity of the mesenteron on the other hand
could provide a means to convert di and trisaccharides to
their monosaccharide components.

It should be mentioned

that the detection of alpha-glucsidase in the anterior and
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posterior section of the midgut but not in the midsection
is an unusual situation.

The importance of these data is

unknown at present, but they do serve to further demonstrate the functional diversity of the alimentary canal.
The absence of B-glucosidase and B-galactosidase could
possibly be explained by one of several reasons,
these two enzymes may be lacking in

Both of

Bra,chycentrus or maybe

they are induced enzymes and their synthesis must be stimulated before their demonstration can be shown histochemically.

If the bacteria found in the alimentary canal are

symbiotes then it is possible that they hydrolyze B-sugars
thus, eliminating the need for these enzymes.
it appears as if

Nevertheless.

Brachycentrus is enzymatically equipped

to digest the majority of carbohydrates (starches) which
are assumed to be a major part of its food.
In order to show an adequate correlation between
proteolytic enzyti,!s and the food ingested, I feel a study
of the chemical content of the food of

Brachycentrus should

be conducted.
It is evident that

Brachycentrus is able to digest

proteinaceous material because of the demonstration of a
protease and an aminopeptidase.

Examination of the proteo-

lytic enzymes shows them to be uniform in occurrence
throughout the mesenteron.

It would also appear that the

entire midgut is concerned with protein digestion and assimilation.
As a result of the data which are presented on the
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irregular localization of cathepsin C, its function as a
digestive enzyme is open to question.
gestions ares

Two possible sug-

either this is an intracellular enzyme

which digests proteins and polypeptides brought in via
pinocytosis in certain specific cells of the gut or it is
the protolytic enzyme known to be a component of lysosomes
(Greenbaum, 1961) which has been released.

SUMMARY
The alimentary canal of

Brachycentrus occidentalis

displayed the following morphological characteristics.

A

foregut extending from the prothorax to the anterior end of
the metathorax, containing a pharynx, crop and oesophageal
valve with a squamous to cuboidal epithelium.
ventriculus is absent.

The pro-

A midgut with columnar epithelium

is present which extends to the end of the sixth abdominal
segment.

The hindgut with pylorus, ileum, colon, rectal

sac and rectum proper, extends from the end of the midgut
to the anus.

Again, a cuboidal to squamous epithelium

is present.
The pH of the fore and mid guts is alkaline while
that of the hindgut is near neutrality.

These data are

similar to tha~ found for other trichopterans.
Distribution of protein stored in fat bodies is
present mainly in the mid section of the larvae while glycogen is found mainly in fat bodies of the anterior and
posterior sections.

A uniform distribution of lipids in

the fat bodies is exhibited.

The probable significance of

this is discussed.
Glycogen deposits were also found in a ring of
cells in the anterior part of the crop and in the ileum and
colon of the hindgut.

Lipids, on the other hand, were

demonstrated only in the columnar cells located in the
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middle part of the mesenteron.

Starving had no demon-

strable effect on the glycogen while the lipids were depleted.

It is assumed from the above that the lipid con-

sisted of digested fatty material absorbed from the lumen
of the gut,

The significance of the glycogen deposits of

the foregut is unknown while that of the hind gut appears
to represent an energy source to facilitate the active
transport of osmoregulation.

In addition to the above,

an unknown carbohydrate was observed in the anterior and
posterior sections of the midgut,

The localization was

parallel to that of alpha-glucosidase and the meaning of
this is discussed.
Histochemical investigations on the occurrence of
hydrolytic enzymes showed their presence in the mucosa of
the midgut in all instances except extracellular protease.
The location and activity of these enzymes were conducted
on actively fe~ding larvae and the distribution of these
is summarized and presented in the results,
seem to indicate that

The results

Brachycentrus contains the enzymes

necessary to utilize all three of the major foods, i,e.,
carbohydrates, lipids and proteins.
There appears to be a correlation between the types
of digestive enzymes found and the type of food eaten by
the larvae,

This seems to be especially apparent for fats

and carbohydrates while the proteins need to be investigated further.

LITERATURE CITED
Adams, C.W.M., and N.A. Turquan 1961. The Histochemical
demonstration of Protease by a Gelatin-silver film
substrate. J. Histochem. and Cytochem. 91469-472.
Ahmed, N. 1949. The mouthparts, had glands and the alimentary canal of the caddis-worm, Hydropsyche.
Pakist. J. Scient. Res. 1122-32.
Baines, s. 1956. The role of symbiotic bacteria in the
nutrition of Rhodnius prolixus (Hemiptera). J. Exp.
Biol. 33•533-541.
Beams, H.W. and s.s. Sekhon 1966. Morphological studies
on secretion in the silk glands of the caddis larvae,
Platnhylax desrm,tus Walker. z. Zellforsch. Mikr.
Anat. 721408-41.
Bennett, H.s. and R,M, Watt 1958, The cytochemical demonstration and measurement of -SH groups by Azo-Aryl
mercaptide coupling in General Cytochemical Methods.
Vol. I., Danielli, J,F,, New York, Academic Press
pp. 317-374.
Berridge, M.J, and B,L. Gupta 1967. Fine structural
changes in relation to ion and water transport in
the colon of the blowfly (Callifora) and other insects.
J, Cell, Sci, 2189-112.

- - - - • 1968. Fine structural localization of ATPase and
glycogen in the colon and rectum of various insects.
J. Cell Sci. 3117-32.

Betten, C, 1902. The larva of the caddis fly, Molanna
cinerea Hagen Jr. N.Y. Ento. Soc. 101147-162.
Branch, H.E. 1922, A contribution to the knowledge of
the internal anatomy of Trichoptera. Ann. Ent.
Soc. Amer. 15,256-275,
Brooks, M.A. 1954, Certain aspects of the histochemistry
and metabolic significance of the intracellular
bodies of cockroaches, (Doctoral thesis, u. of Minn.
St. Paul, Minn,) 119 pp.

64

Brown, J.H. and L,A. Brenn 1931. A method for the differential staining of Gram positive and Gram negative bacteria in tissue sections. Bull. Johns Hopkins
Hosp. 48169-73.
Burstone, M.s. 1962. Enzymatic Histochemistry, Academic
Press, New York. pp. 621.
Chayden, J. and R,G. Butcher, L. Bitensky, and L.W. Poulter
1969, A Guide to Practical Histochemistry, J.B. Lippincott Co., Philadelphia. pp. 261.
Davis, N.T. 1956. Morphology of female organs of reproduction in Miridae (Hemiptera). Ann. Ent. Soc.
Amer. 48(3)1132-150.
Day, M.F. and R,F. Powning 1949. A study of the processes
of digestion in certain insects. Aus. J, Sci. Res.
2(B)al75•213,
deHaller, G, 1955. Electron microscopic studies of the
bacteriods of the cockroach. Arch. Sci. 81229-252.
Diamond, J.M. 1965. Mechanism of isotonic water absorption and secretion. Symp. Soc. Exp. Bio. 19•329-347.
Dominas, H. 1960. Badanie eytochmiczne nad wystepowanie esteraz polczes chionienia kwasow thuszczowch
w jelicie cienkim zaba (Rana esculata L.). Folis
Morph. 3,29-51.
Ferreri, H, and Ducato 1959. Vergleichende biochimsche
und hiswchimsche untersuchungen uber die lipolytische
tatigkeit des Darm and kana lepitheliums von Planorbis
corneus L. und Murex trunculatus L. z. Zellforsh.
fl165-106.
Glascow, J.P. 1936. Internal anatomy of a caddis (Hydro~syche colonica}. Quart. J. Mier. Sci. 79•151-159.
Gibbs, D.G. 1967, The proventriculus of some trichopterous larvae, J. Zool, Lond. 1521245-256.
Gomori, G, 1946. Distribution of lipase in the tissues
under normal and pathological conditions. Arch. Path.
411121-129.
Greenbaum, L.M. 1968. Cathepsins pp. 305-308. In Biochemists
Handbook Long, c. (Ed,), D. Van Norstrand Co. Inc.,
Princeton N,J.

66
Hess, R. and A,G,E. Pearse 1958. The histochemistry of
indoxylesterase of the rat kidney with special
reference to cathepsin like activity. Brit. J.
Exp. Path. 391292-299.
House, H.L. 1965. Digestion in Rockstein, M., The Physiology of Insecta, Vol. 2, Academic Press, New York.
Ide, F.P. 1942. Availability of aquatic insects as food
of speckled trout, Salyeliya fontinalis. Trans.
N.A. Wildlife Conf. 71442-450,
Judd, W.W. 1947. The proventriculus of the larva of the
caddie-fly, Macronema zebratum Hagen (Trichopteraa
Hydropsychidae). Canad. J. Res. Ottawa. 25187-90.
Kahn, M.R. and J.B. Ford 1967. The distribution and
localization of digestive enzymes in the alimentary
canal and salivary glands of the cotton stainer
Dysdercus fasiatus. J. Insect Phys. 13,1619-1628.
Kahn, M.R. and R. Kasting 1969. Digestive enzymes of the
sixth-instar larvae of the pale western cutworm,
Agrotis orthogonka (Lepidopteraanoctuidae). The
Can. Ent. 101149 -499.
Korboot, K. 1964. Comparative studies on the external
and internal anatomy of three species of caddis flies
(Trichoptera). Univ. of Queensland Papers. 2(1)11-44.
Lewin, R.A. 1962. Physiology and Biochemistry of Algae.
Academic Press, New York and London, pp. 289-369.
Lillie, R.D. 195?, Histopathologic Techniques and Practical Histochemistry, Blakiston Co., New York,
pp. 144-181.
Mecom, J,O. and K.W. Cummins 1964. A preliminary study
of the trophic relationships of the larvae Brachycentrus amertcanus (Banks). Trans. Amer. Micros.
Soc. 21233-2 J.
Novikoff, A.V. 1960. Cold acetone fixation for enzyme
localization in frozen sections. J. Risto and Cytochemistry 8•37-40.
Noyes, A.A. 1915. The proventriculus of a Hydropsyche
larva. J. Ent. Zool. 7134-39.
Pearse, A.G.E. 1960. Histochemistry, Theoretical and
Applied, Little Brown and Co., Boston. pp. 998.

Pearse, A.G.E. 1968. Histochemistry, Jrd ed. Vol. 1.,
Little Brown and Co., Boston. pp. 759.
Przelecka, A. 1963. Cytochemical investigations on lipid
assimilation by the caterpillars Galleria mellonella.
Folia Biologica ll(j),353-417.
Richards, C.A. 1958. Internal symbiosis in Insects.
Ann. Rev. Ent. 3•37•56.
Roeder, K.D. 1953. Insect Physiology, John Wiley and Sons,
New York.
Roth, T.F. and K.R. Porter 1964. Yolk protein in the oocyte
of the mosquito Aedas aea;pti. J. Cell Biol. 201
313-332.
Ross, H.H. 1962. How to collect and preserve insects.
Ill. St. Nat•1. History Survey, Circular 39•5?-58.
Satija, G.R. 1960. The structure of the alimentary canal
and mouth parts of 'l'richoptera larvae with special
reference to food and feeding habits. Res. Bull.
of the Pan. u. 10135-48.
Shinoda, o. 1930. pH in guts of various insects.
Zellforsch. Mikr. Anat. 5•49-62.

Z.

Siltala, A,J. 1907. Uber die Nahrung der Trichoptera
Acta. Soc. Fauna Flora fennica Bd. 29(5)11-34.
Slack, H.D. 19J6. J. Anim. Ecol. 5•105-118.
Smith, D.S. 1968. Insect Cells• Structure and Function,
Oliver and Boyd, Edinburgh.
Smith,

s.n.

1971. Personal communication.

Snodgrass, R,E. 1935, Principles of Insect Morphology,
McGraw Hill Book Co. New York. pp. 646.
Srivastava, P.N. 1961. Studies on the physiology of
digestion in the last instar larva of the rice
moth (Corcyra cephalonica Stainton.) Beitrage sur
Entomolgie, Band ll(½)ll-15.
Thompson, s.w. and R.D. Hunt 1965, Selected Histochemical
and Histopathological Methods, C.A. Thomas, Springfield, Ill. pp. 1639.

68
Treherne, J.E. 1962. The physiology of absorption from
the alimentary canal in insects. Viewpoints Biol.
11205-241.
Ulmer, B. 1902. Trichoptera in Brauer, Die Susswasserfauna Deutschlands. 5-611-326.
Verne, J. 1957. Activite esterasizye de cetans epithliums
cillies. Ann. d'histochimie. 21108-121.
Vorhies, C.T. 1904. Habits and anatomy of the larvae of the
caddis fly Platyphyla.x desimatus Walker. Trans.
Wis. Acad. Sci. Arts and Lett. 15•232-244.
Waterhouse, D.F. 1957. Digestion in Insects, Ann. Rev.
Ent. Amer. 211-18.
Wesenburg-Lund, C. 1913. Fortschr. Naturn. Forsch.
9,107-14;.
Wigglesworth, V.B. 19;3. The principles of Insect physiology, Metheum and Co. Lth. New York. pp. 540.

- - - - • 1958. The distribution of esterase in the
nervous system and other tissues of the insect
Rhodinius pro1ixus. Quart. J. Mier. Sci. 991441-463.

